radation of signaling cell surface receptors is therefore a Vps23. We propose that ESCRT-I represents a concritical mechanism for regulating the potency of agonistserved component of the endosomal sorting machininduced signaling.
class E proteins have orthologs in other organisms in-
size from approximately 350 kDa in a wild-type cell to approximately 250 kDa in a vps37⌬ ( Figure 1B) . Two cluding humans, indicating the molecular mechanism hundred and fifty kilodaltons also corresponds to the for MVB sorting is highly conserved. For example, the size of the complex produced when the only form of class E Vps protein Vps23 has a mammalian homolog, Vps23 in the cell has its coiled-coil domain deleted (data TSG101 . It therefore apVps28, and Vps37/Srn2 are the only components of the pears that these proteins function at similar steps in the 350 kDa complex that exist in stoichiometric quantities MVB pathway, but the precise biochemical mechanism (see Figure 1A) . We refer to this complex as ESCRT-I of action has remained unclear.
(endosomal sorting complex required for transport) beIn the present work, we show that ubiquitination of cause of its role in sorting in the endosomal system. endosomal cargo serves as a signal for sorting into the To analyze the localization of ESCRT-I, a VPS23-GFP vesicles that invaginate into the MVB. Furthermore, we fusion was constructed that fully complemented the propresent data which support a model in which the Vps23-tein sorting and morphology defects in a vps23⌬ mutant. containing protein complex, ESCRT-I, recognizes ubiThis fusion was integrated into the chromosome, replacquitinated cargo. Taken together, these data suggest ing the endogenous VPS23 gene, in either wild-type that a subset of the Vps class E proteins initiate ubiquior class E mutant backgrounds. In wild-type cells, the tin-dependent MVB sorting by selectively binding ubiVps23-GFP fusion localizes to numerous small punctate quitinated cargo and directing sorting of these cargoes structures, and also produces a significant cytosolic into MVB vesicles. signal ( Figure 2A ). In addition, VPS23-GFP was integrated into a vps4⌬ strain. Vps4 is a AAA-ATPase that Results has been demonstrated to regulate the membrane association of class E Vps proteins, its activity being required
ESCRT-I Is a 350 kDa Protein Complex Composed
for their removal (Babst et al., 1998). In a vps4⌬ strain, of the Vps23, Vps28, and Vps37 Proteins it can be seen that the soluble pool of Vps23-GFP is VPS23 is one of the class E VPS genes and is allelic to substantially diminished, consistent with the idea that STP22, which was identified by a genetic screen for the ATPase activity of Vps4 is required for the removal mutants defective in turnover of misfolded cell surface of ESCRT-I from endosomal membranes. To verify that receptors (Li et al., 1999) . We have previously demonthe punctate structures represent endosomes, colocalistrated that Vps23 is a subunit of a 350 kDa complex zation was performed with the previously described enthat also contains the class E Vps28 protein and an dosomal protein Snf7/Vps32 (Babst et al., 1998). vps4⌬ unknown protein or proteins (Babst et al., 2000) . In order cells expressing the integrated VPS23-GFP fusion were to identify additional components of this complex, it was fixed and subjected to indirect immunofluorescence purified using a Vps23-protein A fusion protein that fully with anti-Snf7 antibody. It can be seen that Snf7 and complemented the protein sorting and morphology deVps23-GFP colocalize, with a portion of Vps23-GFP lofects seen in vps23⌬ (Babst et al., 2000). Figure 1A decalizing to the class E compartment and a portion lopicts a silver-stained gel of the proteins associated with calizing to additional punctate structures probably corprotein A alone or Vps23-protein A fusion using IgGresponding to additional endosomes ( Figure 2B ). As we sepharose affinity chromatography. Western blot analyare unable to detect monomeric Vps23 in cell extracts sis demonstrated that two of the bands present in the ( Figure 1B) 
Biosynthetic Ubiquitination of CPS
To address the subcellular compartment in which pCPS was receiving the ubiquitin modification, we utilized mutants that are defective in the biosynthetic transport of pCPS at distinct stages between the endoplasmic reticulum and the vacuole (refer to model in Figure 3B ). In either a gga1⌬ gga2⌬ mutant or the temperature sensitive for function sec7-1 mutant at restrictive temperature, both of which block transport out of the 1988). The pep12⌬ mutant was found to stabilize UbpCPS, and this accumulation was not exaggerated in a pep12⌬ doa4⌬ double mutant ( Figure 3A) . Loss of the removes its transmembrane and small cytosolic tail, the portion of pCPS that would receive the ubiquitin moiety. vacuolar t-SNARE Vam3 has been shown to result in the accumulation of MVBs that are unable to fuse with For this reason, strains that included the triple vacuolar protease mutations, pep4⌬ prb1⌬ prc1⌬, were used the vacuole (Darsow et al., 1997) . Loss of Vam3 function blocked the accumulation of Ub-pCPS; however, when whenever pCPS would be exposed to vacuolar proteases to prevent the removal of the transmembrane and combined with the doa4⌬ mutation (vam3⌬ doa4⌬), UbpCPS was stabilized ( Figure 3A ). From this, we conclude cytoplasmic tail domains of pCPS.
The ubiquitination status of pCPS was addressed by that pCPS is ubiquitinated in a vam3⌬ strain, but the ubiquitin is removed by Doa4 during sorting of pCPS denaturing immunoprecipitations using antibody spe- As class E Vps proteins are required for proper funcforming the anti-CPS immunoprecipitation followed by anti-ubiquitin Western blotting from a doa4⌬ strain retion of the MVB pathway, loss of class E Vps function may also stabilize Ub-pCPS. In Figure 3A , we show that vealed a dramatic increase in the level of Ub-pCPS (Figure 3A) . Together, these data demonstrate that pCPS is deletion of two separate class E genes, vps4⌬ and vps23⌬, results in dramatic stabilization of Ub-pCPS. ubiquitinated and inactivation of the Doa4 deubiquitinase stabilizes this modification. Ubiquitin is a 76 amino These results clearly indicate that ubiquitin can still be efficiently ligated onto pCPS in the class E mutants, acid protein with a molecular weight of approximately 8.5 kDa. Therefore, the apparent size shift of approxibut removal of ubiquitin by Doa4 is severely delayed or inhibited. Furthermore, even though Vps23 contains a mately 10 kDa suggests that pCPS receives a single , which was localized to the lumen of the vacuole in a manner indistinguishable from the strated (Odorizzi et al., 1998). We used this fusion protein to determine the role of ubiquitination in the trafficking wild-type GFP-CPS fusion protein. Therefore, the data indicate that ubiquitination of pCPS is required for of CPS. Site-directed mutagenesis was utilized to change the two putative ubiquitin-acceptor lysines at proper sorting of the GFP-CPS fusion into the internal vesicles of the MVB. amino acid positions 8 and 12 in the cytosolic tail of pCPS to arginines, and the ubiquitination status of both To test whether the sequence in the cytoplasmic tail of pCPS that is modified with ubiquitin is not only neceswild-type and mutant forms of the GFP-CPS fusion protein were analyzed. As can be seen in Figure 4A , precursary but also sufficient for sorting in the MVB pathway, we fused the coding sequence for amino acids 5-11 sor forms of both the wild-type fusion and the GFP-CPS K12R mutant are substrates for ubiquitin modification. from pCPS (PVEKAPR) to DPAP B, a vacuolar protein that normally traffics to the vacuole limiting membrane. In contrast, both GFP-CPS K8R and GFP-CPS K8,12R are not modified with ubiquitin. In the case of the GFP-CPS This fusion places the pCPS 5-11 sequence in the cytosolic portion of DPAP B between GFP and the amino terminus fusions that receive ubiquitin modification (WT and K12R), the mobility of the upper doublet of bands sugof DPAP B (GFP-CPS 5-11 -DPAP B). In Figure 5A , it can be seen that while the wild-type GFP-DPAP B traffics gests that the upper band has been modified with a second ubiquitin moiety, as the molecular weight shift to the limiting membrane of the vacuole, GFP-CPS 5-11 -DPAP B is delivered to the lumen of the vacuole in is approximately 10 kDa. This is presumably via a linkage to the first ubiquitin, as it only appears when the lysine wild-type cells. Furthermore, when this fusion protein is expressed in the class E vps4⌬ mutant, it is now misat amino acid position 8 is present. It is also worth noting that even in the case of GFP-CPS K8R and GFP-CPS K8,12R sorted to the limiting membrane of the vacuole, as well as the class E compartment. Thus, as is the case for mutants, where ubiquitinated forms of these proteins are not detected, it is still possible to detect endogenous CPS (Odorizzi et al., 1998), the GFP-CPS 5-11 -DPAP B fusion traffics to the lumen via the MVB pathway. To test Ub-pCPS ( Figure 4A ). These data demonstrate that K8 in pCPS serves as an acceptor for ubiquitin modification.
whether the CPS 5-11 peptide was conferring the ability to receive ubiquitin onto DPAP B, both GFP-DPAP B and The consequence of a block in ubiquitination of the activated Sepharose beads and incubated with deterWe conclude that ubiquitination can serve as a sorting gent-solubilized extracts prepared from cells producing signal for entry into the MVB pathway.
either wild-type Vps23 or Vps23
M85T
. The beads were washed and bound material was eluted with a low pH wash and subjected to Western blotting using anti-ESCRT-I Interacts with Ubiquitin It is apparent that proper sorting through the MVB pathVps23 or anti-Vps28 antibodies. Figure 6A shows that when extracts from wild-type cells are incubated with way requires both ubiquitination of cargo and the function of class E Vps proteins. Furthermore, because ubiquitin-GST beads, it is possible to detect binding of both Vps23 and Vps28. In contrast, no binding of Vps23 Vps23 contains a UBC-like motif and a mutation in this domain renders the protein functionally inactive, we or Vps28 is detected when GST alone is used. These data indicate that the Vps23-containing ESCRT-I comdecided to test whether Vps23 is capable of binding to ubiquitin. We performed protein-protein interaction plex is capable of binding to ubiquitin. Perhaps more compelling is the observation that no binding of either studies utilizing either GST alone or ubiquitin fused to 
Vps23 or Vps28 is detected when extracts from cells alone. Vps23 can therefore interact with forms of pCPS that are ubiquitinated, but not to GFP-CPS that is not producing Vps23
M85T are incubated with ubiquitin-GST. While the simplest interpretation would be that this domodified with ubiquitin. The endogenous pCPS and GFP-CPS that are bound to Vps23-protein A migrate at main is interacting directly with ubiquitin, the approach used (the source of ESCRT-I in the binding experiments molecular weights of the ubiquitinated forms of these proteins (compare pCPS and GFP-CPS from input with is yeast lysate) does not allow us to make the conclusion that the interaction is direct. However, these data clearly bound in Figure 6B )
. We also examined the bound fractions from these experiments for GFP-DPAP B, and indicate that the UBC-like domain of Vps23 is required for the interaction of ESCRT-I components with ubiquifound that it is not present (data not shown). It has been demonstrated that numerous class E Vps proteins tin, whether via an intermediate protein or a direct interaction. localize to the class E compartment. To rule out the possibility that Vps23 is interacting with pCPS via a large class E Vps protein aggregate, we examined the bound ESCRT-I Interacts with Ubiquitinated-CPS
To facilitate the detection of an interaction between fractions for the presence of two additional class E Vps proteins, Vps24 and Vps22, and were unable to detect Vps23 and ubiquitinated cargo, we utilized a class E mutant strain where both ubiquitinated cargo and Vps23 their presence (data not shown). Taken together with the in vitro binding studies, these data indicate that accumulate in an endosomal compartment. The class E snf7⌬ strain was transformed with either protein A or Vps23/ESCRT-I binds Ub-pCPS in vivo.
Vps23-protein A and either GFP-CPS or GFP-CPS K8,12R
. Membranes were isolated from these various transDiscussion formants, solubilized with detergent, and protein A or Vps23-protein A was isolated from the solubilized memMVBs are formed when the limiting membrane of the endosome invaginates and buds into its lumen. Proteins branes using IgG-sepharose. Bound material was then subjected to Western blotting with anti-CPS antibody.
that have been sorted into these vesicles are delivered to the lumen of the lysosome/vacuole upon the fusion Figure 6B shows , 2001 ). These studfree ubiquitin back into the cytoplasm. ies have indicated that the addition of a single ubiquitin moiety, or in some cases two ubiquitins linked via lysine Ubiquitination and MVB Sorting 63 of ubiquitin itself, is sufficient to induce the internalWe found that ubiquitin serves as a sorting signal for ization of cell surface proteins which are subsequently entry into the MVB pathway. Furthermore, DPAP B, a degraded in the vacuole/lysosome. We now demonprotein that normally is neither ubiquitinated nor sorted strate that in addition to a role in internalization, monointo MVB vesicles, can be directed into these vesicles ubiquitination also serves as a signal for entry into the by addition of the ubiquitination signal from the cytosolic MVB pathway. This provides a potentially satisfying extail of CPS. There is, however, clearly some level of planation for the mechanism for degradation of ubiquitispecificity in the ubiquitination of proteins destined for nated cell surface proteins. Consistent with this idea, entry into the MVB pathway. The primary sequence Kö lling and colleagues recently concluded that limiting "PVEKAPR" enables an as-yet-unidentified ubiquitin lilevels of free ubiquitin impairs the delivery of the plasma gase to mark a protein (e.g., pCPS or GFP-CPS 5-11 -DPAP membrane localized ABC-transporter Ste6 to the lumen of the vacuole (Losko et al., 2001) . B) for entry into the MVB sorting pathway. DPAP B itself contains four lysines in its cytosolic tail, none of which endosomal cargo serves as a sorting signal for inclusion into MVB vesicles offers an explanation for the mechreceive ubiquitin ( Figure 5B ). Presumably the specificity is bestowed via specific recognition of the pCPS tail by anism of downregulation. In mammalian cells, downregulation of activated EGFRs is dependent upon the the ligase machinery. Identification of this ligase will aid in understanding this specificity, as well as the precise action of the c-Cbl ubiquitin ligase, which tags the signaling receptor for downregulation, rather than recycling subcellular compartment in which pCPS is ubiquitinated.
Ubiquitination of CPS
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